INTRODUCTION
Human movement analysis through the use of noninvasive, in-vivo motion capture aims to recreate skeletal motion and joint kinematics from the 3D position of markers placed on subjects' skin. Markers placed on the skin are subject to soft tissue artifact, which can result in misrepresentation of skeletal movement and joint kinematics [1] . Techniques known as bone pose estimators have been developed in an attempt to minimize the effects of soft tissue artifact from motion capture data and to more accurately represent rigid body motion [2] .
Many laboratories have begun to use the bone pose estimator known as the Point Cluster Technique (PCT) to estimate tibio-femoral motion, which uses eigenvalues and eigenvectors of a virtual inertia tensor to minimize soft tissue artifact using evenly distributed and weighted clusters of markers on the femur and shank in order to estimate non-rigid movement of the soft tissue [3] . The estimated rigid body motion is then represented by 4 virtual markers which form a coordinate system at the center of the cluster which is used for subsequent analysis. However, other researchers have proposed bone pose estimators using a singular-value decomposition method as an alternative that may work better in some cases [2] .
Other laboratories have begun to perform gait analyses and simulations of movement with the open-source software package OpenSim [4] . OpenSim computes kinematics using a least squares approach to minimize the difference between experimental marker locations and virtual markers on the model while maintaining joint constraints [4] . Because motion capture data is often collected using the marker placement conventions of PCT before being input to OpenSim, it is important to determine the differences in results that would come from performing inverse kinematics simulations with the actual markers versus the virtual markers generated by the PCT algorithm. Therefore, the purpose of this study was to evaluate the differences in knee kinematics obtained with three methods: 1) the standard PCT approach, 2) the least squares approach applied to the actual marker set placed on the subject and 3) the least squares approach applied to the virtual markers representing the output of the PCT algorithm. 
METHODS
Gait data was obtained for 3 healthy subjects while walking at a self-selected speed in our motion analysis laboratory (8 Vicon MX-F40 cameras). Reflective markers were placed on the skin following PCT convention, with additional markers on the pelvis and foot. Thigh clusters consisted of the greater trochanter and lateral femoral epicondyle markers plus nine markers evenly distributed across the anterior and lateral thigh. Shank clusters consisted of the lateral maleolus marker plus six additional markers evenly distributed across the anterior and lateral shank. Four virtual markers were generated according to the PCT algorithm to describe the cluster coordinate system for each segment, and using custom scripts in Matlab and Vicon Bodybuilder, joint angles between the femoral coordinate system and the tibial coordinate system were calculated using a standard Euler method (Mocap results).
In order to determine kinematics using a least squares approach, a generic musculoskeletal model of the lower extremities was scaled in OpenSim using static calibration data obtained in the gait laboratory. The model was represented as a 30-degree-of-freedom linkage. The pelvis was defined with six degrees of freedom with respect to the ground. Hip joints were modeled as ball-andsocket joints; knees were modeled with six uncoupled degrees of freedom. Each ankle joint, subtalar joint, and metatarsophalangeal joint was modeled as a frictionless revolute joint [5] .
The inverse kinematics problem was then solved in OpenSim using both the resultant 4-marker coordinate systems from the PCT (coordinate approach) and also on the entire 46-marker PCT marker set (cluster approach). Additionally, because OpenSim relies on the user-specified weighting of individual markers [4] , both the coordinate and cluster trials were run with two sets of marker weights for a total of four inverse kinematics simulations for each data set. The two marker weighting conditions were: 1) equal weight: each marker is assigned an equal weight 2) body weighted: each marker is assigned a weight so that all markers on a given body have equal weighting and add up to 1000; for example, in the cluster approach 11 markers are tracked on the femur, so each marker is assigned a weight of 1000/11. Resultant Root Mean Squared (RMS) differences in knee kinematics between the five approaches were calculated. Table 1 . This offset may be due to marker placement error, scaling error in OpenSim, or differences in the methods by which anatomical reference frames are determined.
RESULTS AND DISCUSSION

CONCLUSIONS
This work illustrates the variability in resulting kinematics between different approaches for bone pose estimation in gait analysis. Future work is needed to minimize these differences to allow for comparisons across multiple gait analysis platforms. For OpenSim users, this work also suggests that kinematic results at the knee are relatively insensitive to changes in OpenSim parameters.
